ABSTRACT
INTRODUCTION
The quality of wireless links in an ad-hoc network is highly variable due to the mobility of radios, fluctuations in path attenuation, transmission impairments due to induced interference, and limited battery resources. Fixed transmission techniques are designed to accommodate worst case link margin channel conditions, therefore, results in suboptimal resource utilization. However, if the channel fade level is known by the transmitter shown in Fig. 1 , the Shannon capacity can be approached by adapting the transmit power, data rate, and/or error coding relative to the channel fade level [1] [2] . Researchers have shown SNR gains of up to 17 dB by using adaptive modulation techniques compared to that of using non-adaptive modulation in fading environments [3] . The objective of these adaptive signaling techniques is to enhance throughput by transmitting at an elevated data rate when the channel conditions are favorable.
Nearly all of the previously proposed adaptive signaling techniques are intended for systems wherein all of the data to be transmitted has the same quality of service (QOS) requirements. However, future generations of wireless communications networks will be required to support a multitude of services (voice, graphics, video, and data) with a wide variety of reliability requirements and data rates. Adaptive signaling techniques can be designed to exploit the differences in the quality of service requirements among dissimilar types of multimedia traffic. Recently, substantial research efforts have been dedicated to the integration of voice and data [4] [5] . One study proposed adaptive hybrid binary phase shift keying (BPSK)/M-ary Amplitude Modulation (M-AM) as a solution to generate high probability of QoS [4] . This approach assigns the Quadrature (Q) channel to voice with variable power BPSK and the In-phase (I) channel to data with variable-rate M-AM. To exploit the time-varying nature of the channel, power is dynamically allocated between the I and Q channels. The power allocated to the Q channel is just enough to satisfy the target BER for voice, BER v , and the remaining power is allocated to the I channel to support data with M-AM below the target BER d . Since M-ary quadrature amplitude modulation (M-QAM) is more spectrally efficient than the M-AM, an adaptive technique utilizing variable-rate uniform M-QAM was proposed in [5] for simultaneous transmission of voice and a single-class of data. However, due to the employment of uniform M-QAM signal constellations, the alphabet size is chosen such that, on average, both the voice and data are transmitted below the target BER for data, BER d . Consequently, the voice receives unnecessary additional protection at the expense of the spectral efficiency (at low CNR) and outage probability for data.
The concept of transmitting two different classes of data (a basic message and an additional message) using an adaptive non-uniform PSK was proposed in [6] . In [6] , both the size and shape (location of the message symbols) of the PSK constellations were proposed to adjust according to the CNR estimates. For this case, the non-uniform M-PSK constellations included two parts: coarse and fine. The coarse part was uniform M-PSK of alphabet size N= M/2. Consequently, the BER of the coarse part is always approximately the same. The fine part consist of the least significant bit (LSB) in the symbol and can have a different probability of BER. One parameter θ, the phase-offset ratio, was proposed to change according to the CNR estimate to increase the throughput for the additional message. In [7] , the authors capitalize on the concept of generalized hierarchical (multi-resolution) QAM constellations and their BER expressions to propose a new technique which transmits voice and two different types of data below their respective target BERs. To exploit the time-varying nature of fading, the approach adapts not only the alphabet size but also the priority parameters (a set of parameters, instead of a single parameter as in [6] ) of the hierarchical signal constellation, which control the relative BERs of different bit positions. Employing hierarchical M-QAM, the voice bit is transmitted in the LSB-position sub-channel (the least priority sub-channel) of the Q channel. The remaining (log 2 M -1) sub-channels within the constellation are used for data transmission and allocated to different classes based on the selected priority parameters.
Here, we consider a system in which multiple messages with different QOS requirements are transmitted simultaneously. Each block transmission may include one or more messages in each QOS class. In [6] [7] , the authors have propose possible solutions to this problem. However, both proposed designs have implementation deficiencies. In [6] , the embedded gain is limited by the coarse part of the constellation since the BER for it is always approximately the same. In [7] , a sophisticated optimization engine is required to determine the "optimal" shape of the M-QAM signal constellation. Such optimizations could results in non-unique / non-real solutions as well as long convergence times which are undesirable for real-time applications. In this paper, using curve fitting techniques we developed exponential approximation for both the exact average packet error rate (PER) probabilities as well as individual PER probabilities for asymmetrical phase-shift key (PSK) and asymmetrical quadrature amplitude (QAM) modulations. Also, we have developed a simple algorithm for determining the "optimum" phase-offset ratio when more than two UEP classes are considered.
ADAPTIVE MULTIRESOLUTION MODULATION WITH UEP

Background
Previous research has established that the optimal broadcast/multicast scenarios are multiresolution in character due to the competitive nature of broadcast signaling. In multicast environments, the maximum information rate to one user is constrained by the rate of information sent to the other users [8] . However, the proposed conception of interlacing the "coarse" information within the "fine" information is broad in interpretation, and provides no boundaries on the domain in which embedding should be performed. Many researchers have since applied asymmetric signal constellation designs for digital speech transmission over mobile radio channels [9] - [11] and in terrestrial digital video broadcasting [12] - [15] under a joint source-channel coding framework. Others have used non-uniform 4-PSK to decrease the decoder complexity of trellis coded modulation [16] . Additional studies have also investigated the prospect for multicasting multimedia messages to numerous receivers with different capabilities [6] , [17] , and [18] .
Contrary to all previous studies [8] - [18] (excluding [11] , [15] and [23] ) which are proficient in management of only two levels of UEP despite of the signal constellation size (which restricts the degrees of freedom as well as the data embedding gain), we have created a straightforward algorithm in [11] and [15] for establishing the "optimum" phase-offset ratio when more than two UEP classes are considered. Therefore, it is noteworthy that determining the "optimum" phase-offset ratio is not a trivial undertaking. This is particularly true when more than two UEP levels are employed. Furthermore, [17] - [21] have mainly concentrated on the signal design, predominantly disregarding cross-layer interactions, even though multicast communication also demands interaction with the upper layer protocols. In [22] - [23] , we investigated the dilemma of designing a "matched" multi-resolution M-PSK modulation for improving the energy efficiency while concurrently unicasting/multicasting multiple classes of data each requiring a distinct QoS. In [24] - [25] , we have also surveyed the effectiveness of multi-resolution modulation in realizing a passive (receiver-oriented) rate-adaptation mechanism without necessitating any feedback from the receiver to the sender for multimedia traffic.
As mentioned in section I, our proposed technique is more robust than [6] and much less complex than [7] . Also, unlike [6] and [7] , our design seamlessly switches between M-PSK and M-QAM constellations. To realize our receiver-transmitter oriented rate adaptation strategy using M-PSK and M-QAM modulations, exponential functions were exploited for attaining curve fittings. The proposed receiver-transmitter rate adaptation strategy employs the average PER probability curve fitting approximation to establish which modulation scheme to apply for a specified PER requirement. The individual PER probability curve fitting approximations are then utilized to determine which bit of the asymmetric PSK or QAM constellation to assign to each distinct queue class so that the prescribed PER requirements are satisfied, as in Fig. 3 . According to our design, the rate is to be adapted and maximized depending on the channel conditions (CNR) and the shape is to be adapted based upon the traffic QOS characteristics. In order to perform adaptive modulation, a readily invertible equation in terms of CNR, γ, is needed to determine the constellation size. In ord multiresolution modulation, a readily invertible expression is required to make decisions for both constellation size and shape. 
System Model
Let's consider, the system model, in Fig. 1 , whic receiver. The OSI layer implementation of our design is shown in Fig. 2 . Our link adaptation strategy employs AMM at the PHY layer to maximize spectral efficiency based on prevailing link conditions and specified QoS requirements. At the application layer, QoS constraints are imposed through target PER requirements. At the physical layer, channel awareness is maintained through channel estimation techniques, such as pilot processing unit at the PHY layer is a frame which is a collection of numerous transmitted symbols.
Seeing that the channel fluctuates from frame block channel model to express channels with m =1 being equivalent to a Rayleigh fading channel. Additionally useful, there is a direct mapping between the Ricean factor K and the Nakagami fading parameter permits the Nakagami-m channel model to approximate Ricean chan received per frame, γ, is a random variable with a Gamma probability density function: each distinct queue class so that the prescribed PER requirements are satisfied, as in Fig. 3 . According to our design, the rate is to be adapted and maximized depending on the channel conditions (CNR) and the shape is to be adapted based upon the traffic QOS characteristics. In order to perform adaptive modulation, a readily invertible equation in terms , is needed to determine the constellation size. In order to design an adaptive multiresolution modulation, a readily invertible expression is required to make decisions for both constellation size and shape.
Figure 2. Implementation Design
Let's consider, the system model, in Fig. 1 , which contains a single-transmitter and single receiver. The OSI layer implementation of our design is shown in Fig. 2 . Our link adaptation strategy employs AMM at the PHY layer to maximize spectral efficiency based on prevailing QoS requirements. At the application layer, QoS constraints are imposed through target PER requirements. At the physical layer, channel awareness is maintained through channel estimation techniques, such as pilot-based detection). Also, the at the PHY layer is a frame which is a collection of numerous transmitted
Seeing that the channel fluctuates from frame-to-frame, we opt to employ the Nakagami block channel model to express γ statistically, because it can apply a large class o =1 being equivalent to a Rayleigh fading channel. Additionally useful, there is a direct mapping between the Ricean factor K and the Nakagami fading parameter channel model to approximate Ricean channels very well. The SNR , is a random variable with a Gamma probability density function: ቁ is the average received SNR, 2012 4 each distinct queue class so that the prescribed PER requirements are satisfied, as in Fig. 3 . According to our design, the rate is to be adapted and maximized depending on the prevailing channel conditions (CNR) and the shape is to be adapted based upon the traffic QOS characteristics. In order to perform adaptive modulation, a readily invertible equation in terms er to design an adaptive multiresolution modulation, a readily invertible expression is required to make decisions for transmitter and singlereceiver. The OSI layer implementation of our design is shown in Fig. 2 . Our link adaptation strategy employs AMM at the PHY layer to maximize spectral efficiency based on prevailing QoS requirements. At the application layer, QoS constraints are imposed through target PER requirements. At the physical layer, channel awareness is based detection). Also, the at the PHY layer is a frame which is a collection of numerous transmitted frame, we opt to employ the Nakagami-m statistically, because it can apply a large class of fading =1 being equivalent to a Rayleigh fading channel. Additionally useful, there is a direct mapping between the Ricean factor K and the Nakagami fading parameter m. This nels very well. The SNR , is a random variable with a Gamma probability density function:
(1) 
PROPOSED SOLUTION
Exponential Approximation
By harmonizing the distinctive QoS requirements for multimedia sources to the shape of the multicast modulation, a significant embedding gain can be produced. Surprisingly, however, lack of discussion combining adaptive modulation and asymmetric constellations exists. This is attributed to the exact BER expressions found in [19] - [20] are not easily invertible with respect to CNR, γ.
Assuming bit-errors are uncorrelated, the PER (P B ) can be related to the BER (P b ) through
Np (2) , where N p is the number of bits in each packet.
The precise BER equations for bit 1 and 2 of 16-QAM in terms of β and γ s are shown below in equation 3 and 4 respectively. (3) and (4), the BER expressions are not readily invertible, even for the symmetric case. This difficulty of having a quality readily invertible expression is compounded in the multiresolution modulation case. In this study, this is overcome by approximations developed using the exponential function [25] . Here, we pursue the same exact methods as shown in [25] to develop acceptably accurate approximations. To make this problem analytically tractable, we fix the ratio of angles for any subsequent levels of hierarchy to a constant (viz., ߠ ൌ ൫ ߨ 2 ൗ ൯ߚ ) so that only a single design parameter β needs to be optimized as in [6, 25] (instead of manipulating log ଶ ‫ܯ‬ െ 1 variables) but without sacrificing the ability of higher order alphabets (i.e., denser signal constellations) to support a more flexible multimedia transmission. Our simplified asymmetric PSK and QAM constellations also revert to the uniform PSK case when ߚ ൌ 0.5. We have also extended our previous efforts using exponential approximation for asymmetrical M-QAM and M-PSK and generated the curve fitting approximations for the average PER probability and individual PER for 4-PSK, 8-PSK, 16-PSK, 16-QAM, 64-QAM, and 256-QAM.
The exponential approximation equations used for M-QAM and M-PSK modulations in terms of β and γ s are illustrated below in equations 5 and 6.
• where i = 1, 2, 3..., ‫݈݃‬ ଶ ‫,ܯ‬ β is the phase-offset ratio, γ s is the average CNR, and d β (i) = γ THRESHOLD which denotes the knee value of the plot.
• a β
, and c β (i) are expressed in 3rd order polynomial of β, p ଷ β ଷ + p ଶ β ଶ + p ଵ β + p .
• p 4 , p 3 , p 2 , p 1 , and p 0 are constants to be determined from the exponential approximation.
• d β (i) is expressed by a 4th order polynomial of β.
, and d β (i) are four parameters to be resolved such that the disparity between the exact PER and the estimate is minimized in the sense of mean square error. For this paper, we employed the Quasi-Newton BFGS algorithm to execute the curve fitting. The error tolerance of the utilized curve fitting algorithm was set to be 1e -10 .
Curve Fitting Results / Applications
Using the exponential function, approximations were developed. For the exact curve, the complicated exact PER formulas were applied for ({0.1 -0.5} β ∈) in an AWGN channel. Curve fitting results in Fig. 4 for exact and approximate PER probability (individual bits) for 16-QAM are illustrated. Curve fitting results for the exact and approximate average PER probability for different multi-resolution modulation schemes are illustrated in Fig. 5 . From  Fig. 4 and Fig.5 , it can be shown that our invertible exponential expression yields a very tight approximation of the exact curves. Also, as shown in Fig. 4 , as β deviates from 0.5, the QOS disparity between ܲ ଵ ሺߛ ௦ ሻ and ܲ ଶ ሺߛ ௦ ሻ clearly increases. Consequently, classical symmetric modulation is well-suited for homogeneous traffic transmission where all bits have relatively the same QoS requirements. However, for heterogeneous traffic and multimedia applications where individual bits can have different QoS requirements, multiresolution modulation can significantly enhance spectral efficiency and system performance. Let's consider a circumstance whereby the channel necessitates maintaining two different types of traffic demanding two different QoS's. The QoS's respectively are 10 -4 and 10 -2 . This is illustrated in Table 3 . Depending on the channel condition, the scheme should be able of determining the best modulation scheme to employ in order to meet the required QoS. This can be done either by a labor-intensive method (plotting the curve using the exact equation, and manually establishing the switching threshold values through graphical analysis for different modulation schemes), or by utilizing the invertible expression to forecast the γ REQ . The manual technique is rigorous and cannot be automated. Thus, the invertible expression in eqn. 7, which is the inversion of eqn. 6, supplies an extremely straightforward and simple approach for determining the switching threshold values for each.
Employing our approach, the curve for the average PER rate is necessary for inter-modulation threshold determination. The required QoS for the average PER is the average of the individual QOS's. For the case where there are two distinct class, the QOS requirements would be (10 -4 + 10 -2 ) / 2. After determining the mandatory CNRs that designates which modulation scheme to exploit for a particular range of channel conditions, we also must establish the CNR threshold values to be exploited within each modulation schemes in order to cater to the QoS requirements for the individual bits. These CNR threshold values are referred to as intramodulation thresholds. For both the cases (average and individual), the threshold values are listed in Tables 5 & 6 respectively. Within each modulation scheme, we decide to have the most rigorous provision for the first bit and the next condition for the next bit after that. Following this, we use 10 -4 for bit 1 and 10 -2 for bit 2, for the case of 4/16 QAM modulation scheme. Conversely, for the usage of 4/16/64 QAM modulation scheme, we opt to have 10 -4 for bit 1, 10 -4 for bit 2 and 10 -2 for bit 3.
Optimum Phase-Offset Ratio Algorithm
To facilitate determining the optimum β value for each modulation scheme, we should decide on the β value that results in the minimum of the maximum γ ୰ୣ୯
For the particular case of 4/16/64 QAM, the QoS's are defined as,
COMPUTATIONAL RESULTS
Acquiring the optimum β value for different modulation scheme guarantees that each modulation scheme maximizes its capability based on the specified QoS requirements. It is also worth noting that this is attainable with the aid of the invertible expression found in eqn. 7, which is a direct application of the curve fitting process. The optimum phase-offset ratios, β, for different modulations with respect to QOS demands are in Table 4 . 
The assorted CNR threshold, γ REQ , values obtained for inter-modulation schemes are listed in Table 5 , while the values obtained for intra-modulation switching thresholds (the CNR values at which the requirements for each individual bits are being accommodated within different modulation schemes) are revealed in Table 6 . When mode n is employed, each symbol transmitted will contain ܴ ൌ ‫݈݃‬ ଶ ሺ‫ܯ‬ ሻ information bits. We presume a Nyquist pulse shaping filter with bandwidth, B=1/T s , where T s is the symbol rate. For the adaptive multiresolution scheme, the average spectral efficiency (bit rate per unit bandwidth) can be written as shown in equation (10) . 
where γ T1 , γ T2 , γ T3 , γ T4 , γ T5 , and γ T6 , are the adaptive scheme's inter-modulation threshold values for 4PSK, 8PSK, 16QAM, 16PSK, 64QAM, and 256QAM respectively. γ 4P1 , and γ 4P2 , are the intra modulation threshold values for 4PSK. In a similar manner, γ 16Q1 and γ 16Q2 , are the intra modulation threshold values for 16QAM. Equation (10) is applicable in a situation whereby
Figures 6 and 7 show the spectral efficiency using under Nakagami block fading channel conditions, while Fig. 8 and 9 show the spectral efficiency as a function of the Nakagami fading parameter, m, which is equivalent to the order of diversity. The results are shown for different β values including normal transmission in which β = 0.5 and the optimum β value. Figures 10 and 11 show the results obtained for the average probabilty of packet error rate using adaptive multiresolution modulation techniques based on the specified QOSs under Nakagami fading channel conditions. The results were obtained by using the switching threshold values in Table 4 and 5. From Tables 5 & 6 , it is apparent that our multiresolution modulation technique in comparison to the conventional scheme reduces the (inter-modulation and intra-modulation) switching threshold values for each case. These decreased switching thresholds aid in facilitating higher spectral efficiency.
From fig(s)
. 6 and 7, we note that, if phase-offset ratio β is fixed, conventional symmetrical modulation (β=0.5) would be best in the high SNR / CNR range. However, for low and moderate SNR / CNR, the multiresolution modulation proposed is more advantageous. This is because of the UEP facilitated through asymmetric modulation. Since, standard symmetric modulations give equal priority to each bit within the symbol, channel conditions affect each bit equally. However, since multiresolution modulation maps more the important bits to higher priority positions within the transmitted symbol, the bits are unequally protected. Thus, in the case that we receive and an erroneous symbol, we can recover the more important bits. As β is reduced, the unequal protection disparity becomes greater amongst the bit classes. Consequently, if β was fixed, β=0.3 would perform best in the low SNR / CNR range, β=0.4 would perform best in the moderate SNR / CNR range, and β=0.5 would perform best in the high SNR / CNR range. However, employing our algorithm (9) for determining the optimum β for the specified QOS's, we acquired the best spectral efficiency across the low. moderate, and high SNR / CNR ranges.
Figures 10 and 11 illustrate the average PER for each bit class based on the prescribed QoS constraints. From figs. 10 and 11, it is obvious that the bit 1 (the most significant bit) is more protected than bit 2 which is more protected than bit 3 which is more protected than bit 4 (the least significant bit). These results illustrate the efficacy gains available through multiresolution modulation.
CONCLUSIONS
The advantages of employing an AMM scheme for multimedia traffic in MANET were inspected by means of analysis and simulation. Our results exemplified the significance of having a high-quality readily invertible approximation of the exact equation to facilitate automatically making decisions on switching thresholds for different modulation schemes based on the required QoS and channel conditions. This approach permits adaptation of both the shape and the size of the asymmetric signal constellation with the intention of improving the throughput for all the multimedia data while fulfilling the distinct QoS requirements for each traffic type under different channel conditions. The spectral efficiency gain achieved through the employment of multiresolution modulation at the physical layer is considerable, especially at low and moderate CNR. This performance gain is obtained by mapping higher priority buffer bits to higher protected bit positions within the symbol. In comparison to the previously proposed techniques, our approach is simpler and more robust.
FUTURE WORKS
Moving forward, we intend to extend this work to develop a cross-layer design based on QoS demands at the application layer in terms of latency and reliability, an ARQ at the data link layer to allow retransmissions (thus lowering the stringent demands at the PHY layer), and AMM at the physical layer to compensate for link quality fluctuations and to improve the spectral efficiency. Also, we will aim to extend this work by employing joint adaptive multiresolution modulation with retransmission diversity which captures the disparity in the QOS requirements for dissimilar traffic types. We also plan to evaluate the packet loss probability due to queuing (finite buffer length) by means of numerical analysis and comprehensive MATLAB simulations. Also, diversity combining techniques will be employed to merge multiple copies of received signals at the receiver into a single enhanced signal.
The prime objective of this research is to establish the "preeminent" approach that can concurrently support transmission of guaranteed real-time services and best-effort services over deprived wireless links. The throughput and delay performance of the ARQ protocol will be additionally enhanced by exploiting packet combining schemas at the data link layer. In particular, we will investigate the benefits with simple pre-detection / post-detection combining techniques, such as majority logic decoding and average diversity combiner. Though suboptimal, such approaches can extensively compress the buffer requirements and implementation complexity.
APPENDIX
A summary of coefficients for average and individual bit PER probability using exponential approximation for 4-PSK, 8-PSK, 16-PSK, 64-QAM, and 256-QAM are listed in the following tables. 
